Background: Several studies suggest that maternal folic acid supplementation before or
Introduction
Acute lymphoblastic leukemia (ALL), the most common childhood malignancy, has a significant genetic basis for susceptibility (1) (2) (3) (4) . As well as contributing to the risk of childhood ALL, inherited genetic variation appears to predispose to specific ALL subtypes and response to chemotherapeutic intervention (2) . As most cases of childhood ALL are thought to be initiated in utero (5) , etiological research has focused on dissecting the complex interaction between genetic susceptibility and fetal environmental exposures. Following the publication of findings from an Australian study suggesting that maternal folic acid supplementation during pregnancy protects against childhood common ALL (6), there has been growing interest in the possible role of folic acid and folate pathway genes. If folate is associated with risk of ALL, then it is biologically plausible that polymorphisms in these genes would also be associated with its risk.
Polymorphisms of the methylene tetrahydrofolate reductase (MTHFR) gene at 677C>T or 1298A>C are known to reduce enzyme activity, which is essential for the bioavailability and metabolism of folate (7, 8) . Since 2001, more than 20 studies have reported on the association between the child's MTHFR genotype and risk of childhood ALL, and seven meta-analyses have been published (9-15). The results of these studies vary considerably, but the most recent studies report either no association with either polymorphism (13) or a protective effect of MTHFR 677C>T alone (14) .
Other folate gene polymorphisms that have been studied in relation to childhood ALL are 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR) (16-23), 5-methyltetrahydrofolate-homocysteine methyltransferase reductase (MTRR) (17, 22, 24-28), methylenetetrahydrofolate dehydrogenase (MTHFD1) (22, 25, 27, 29), thymidylate synthetase (TS/TYMS) (17, 20, 22, 25, 29-32) and reduced folate carrier (RFC1) (26, 27, 30, 32) . A recent meta-analyses including MTRR and MTR polymorphisms indicated a possible protective effect of MTRR 66GG genotype (13) .
The inconsistency in results of individual studies is attributed, at least partly, to limited sample sizes and ethnicity-related differences in allele frequencies in the populations. The impact of folate gene polymorphisms may also vary depending on folate status (33, 34). A French Canadian study found some combinations of MTHFR 677C>T and 1298A>C polymorphisms protected against childhood ALL only among children born before folic acid supplementation recommendations commenced (1998) (35). Lupo et al. (21) also reported a similar difference before or after US folate fortification in 1996 for maternal MTR genotype on ALL risk . Thus, differing folate status in populations may explain some of the discrepant results; it has been recommended that studies of folate polymorphisms and ALL risk should take account of folic acid intake (9, 14, 36).
Two studies have examined variation in folate pathway polymorphisms by maternal folic acid use. A Californian study reported interactions between maternal folic acid use and filial genotype at specific loci on cystathionine-beta-synthase (CBS), MTRR and TYMS genes (25), while a French study found no evidence of such interactions with polymorphisms in the MTHFR or MTRR genes (24).
While most previously published studies of folate pathway gene polymorphisms have reported results for the child's genotype only, it is possible that the parents' genotype may also be important in determining fetal folate status. For example, several studies suggest that the risk of folate-related cardiac birth defects is affected by maternal genotype in folate pathway genes (37-40).
In the Australian Study of the causes of Acute Lymphoblastic Leukemia (Aus-ALL), which was specifically powered to investigate the association between maternal folic acid supplementation and risk of ALL, did not replicate the previous strong association between folic acid use during pregnancy and ALL risk (6) . However, weak associations were seen with use pre-pregnancy; ORs were 0.84 (95% CI 0.55, 1.28) for 300.1 to 450 µg per day, and 0.77 (95% CI 0.52, 1.14) for >450 µg per day (41) .
Our primary aim was to investigate associations between filial and parental folate pathway gene polymorphisms and risk of ALL, including by ALL subtype where possible. Our second aim was to investigate whether maternal use of folic acid pre-pregnancy modified any observed associations of folate pathway polymorphisms with ALL.
MATERIALS AND METHODS
Aus-ALL was a national, population-based, multi-center case-control study conducted in Australia between 2003 and 2007. The study design and data collection methods have been described elsewhere (41, 42) . Briefly, incident ALL cases were identified through all 10
Australian pediatric oncology centers, where the large majority of cases are treated. Inclusion criteria were: initial remission achieved, biological mother available and able to complete questionnaires in English, and Australian residence. Controls were prospectively recruited in the same time period by national random digit dialing (RDD), and frequency matched to cases by age (within 1 year), sex and state of residence. For the genetic component of Aus-ALL, controls were frequency matched to cases on age, sex and state of residence in a ratio of approximately 1.5:1. The study was approved by the Human Research Ethics Committees at all participating hospitals; parents of participating children provided written informed consent.
Parents were mailed questionnaires about key environmental and demographic variables.
Mothers completed a questionnaire detailing folic acid supplement use with dose in the 3 months before and during pregnancy. Blood samples for DNA analysis were collected from case children and their parents at the treating hospital, while buccal cell samples were collected from control children and their parents at home using FTA cards® (43) . Case children also provided a buccal sample using this method. Punches taken from the cards were prepared for PCR as previously described (43) , and samples were then subjected to whole genome amplification using the GenomiPhi V2 DNA Amplification Kit (GE Healthcare, Buckinghamshire UK) according to the manufacturer's instructions.
Case and control children and their parents were genotyped for seven polymorphisms in folate pathway genes:
The MTHFR 677C>T and MTHFR 1298A>C polymorphisms were analyzed as previously described (44) . For MTRR 66A>G, CBS 2199T>C and CBS 844 Ins68 polymorphisms, genotyping was performed on an ABI Prism 7000 Sequence Detection System using TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA). The MTR 2756A>G and MTR 5049C>A polymorphisms were analyzed using a modification of the method of
Morrison and colleagues (45).
For quality assurance purposes, 10% of samples were selected at random for repeat analysis within laboratories, and this was performed blinded in each laboratory. Between-laboratory concordance was also assessed at MTHFR 677C>T. Concordance between case children's genotypes derived using blood and WGA'd buccal samples was also examined.
Statistical analysis
Mendelian inconsistencies were identified in family data using the PedCheck software (46); 31 case and 88 control families were excluded. Hardy-Weinberg Equilibrium (HWE) analysis was performed in STATA v10 using unaffected, unrelated individuals. No polymorphisms were found to significantly deviate from HWE (data not shown).
The results of the quality assurance analyses were excellent with genotyping call rate 99%, within-laboratory concordance 99.7% and between-laboratory concordance 98%. However, quality assurance analysis of genotypes derived from WGA'd buccal DNA samples showed discrepancies of 2.3-7.4% with those derived from lymphocyte DNA. Therefore, we applied a statistical adjustment method (using discordance estimates empirically derived from qualitycontrol data in cases) in all our analyses. This method and the rationale for it have been described in detail elsewhere (47). Briefly, this method applies misclassification probabilities to measured data then combines the results using 50 multiple imputations to minimize bias in the ORs.
We had previously seen weak evidence of an inverse association with ALL risk when mothers took ≥300 µg/day in the 3 months pre-pregnancy (41) . We therefore categorized folic acid use for analysis as ≥300 µg/day vs none pre-pregnancy. As red cell folate levels are maintained for 3-4 months (48), this dose was also relevant to early pregnancy (90% of women taking folic acid pre-pregnancy also reported use in the first trimester). Odds ratios (OR) and 95 percent confidence intervals (95% CIs) for main effects of each polymorphism were estimated using unconditional logistic regression analysis in R version 2.14.2 (2012 The R Foundation for Statistical Computing; www.r-project.org/). All case-control analyses were adjusted for the frequency matching factors -age, sex and state of residence. To ensure models were comparable, and because folic acid use may be confounded by some variables, all variables meeting the empirical criteria for confounding (independently associated with both the outcome and folic acid supplementation in the controls) were included in-genotype models. They were birth order, ethnicity, maternal age and parental education. Additional analyses were conducted for particular immunophenotypes and cytological subtypes of ALL (each of these models included all controls). To see if there were different associations of genotypes with ALL in mothers who did and did not take folic acid, the main effects analyses of genotypes were repeated separately for these two groups. The results for all analyses were similar when children with birth defects (22 cases and 17 controls) were excluded, so these children were included in the final models.
RESULTS
We were notified of 568 incident cases of ALL; 49 were ineligible to participate (three with no biological mother available 30 had mothers with insufficient English, 12 were nonresident, and four did not reach remission. Of the 519 eligible cases, parents of 416 (80.2%) consented to participate in the study, and genotyping results were obtained from 392 case children, 391 case mothers and 344 case fathers. Child-parent genotyping trios were available for 276 case families.
Of the 2,947 eligible control families identified through RDD, 2,071 (70.3%) agreed to take part in the main study (41) , In accordance with requirements for age and sex frequencymatching, 1,067 control families were asked to provide DNA for the genetic component of the study; of these, 1,027 (96%) agreed. In all, genotyping results were available from 535 (50%) control children, 501 (47%) control mothers and 447 (42%) control fathers.
Supplemental Figure S1 shows the flow chart for DNA and data collection.
The distributions of demographic variables among cases and controls included in the analysis were generally similar, with some exceptions (Table 1) . Case children were more likely to be first born than controls and to have a birth defect. Control parents were more likely than case parents to be tertiary educated, have a higher income and to have been aged 35 years of age or older when the index child was born.
Overall, few associations were seen between folate pathway polymorphisms and risk of ALL.
There was some evidence of reduced risk associated with the MTRR 66GG genotype in the child and the father, but not the mother (Table 2) . ORs for MTHFR 677CT and TT genotypes were elevated for paternal genotype only. The case-parent trio analyses were mostly consistent with those of the case-control analysis of the child's genotype with two exceptions: MTHFR 1298CC and MTR 2756 GG ( Table 2 ). The results of the case-control analysis were similar when restricted to the 276 children belonging to case-parent trios (data not shown).
Associations with the child's genotype were also examined for the main immunophenotypes and cytogenetic subtypes ( Table 3 ). The inverse association with the MTRR 66GG genotype was observed for most ALL subtypes, while the ORs for CBS 844 Ins68 were elevated among cases with hyperdiploidy or Trisomy 21, and reduced among cases with ETV6-Runx-1 t (12, 21) . MTHFR 677TT appeared to be positively associated with risk of T-Cell ALL. The results for maternal and paternal genotype across subtypes seemed largely consistent with the overall findings (Supplemental Tables S1 and S2 respectively).
Results of gene polymorphisms stratified by folic acid supplementation are shown in Table 4 (for MTHFR and MTRR) and Supplemental Table S3 (for MTR and CBS). Evidence for gene-folic acid interactions was weak with all but one interaction p-value being >0.05. ORs for MTRR 66GG genotype in the child were reduced irrespective of maternal folic acid use (Table 3 ) (interaction P-value 0.35), while the OR for maternal MTRR 66GG genotype appeared reduced only among mothers who took ≥300ug folic acid/day; however, the interaction P-value was 0.17. There was some evidence that filial or maternal carriage of at least one T allele at MTHFR 677C>T was associated with an increased risk of ALL if the mother took ≥300ug folic acid/day, but not otherwise (interaction P-values 0.04 for child's genotype and 0.09 for maternal genotype). Child's age, sex and birth order were similar between those children who provided DNA and those who did not. However, in those who had provided DNA, mothers were older (92% vs 82% were 25+), and parental education and income levels were higher (53% vs 37% had tertiary education; 18% vs 35% had annual income <$40,000), and more mothers used folic acid pre-pregnancy (36% vs 23%) (all P<0.001). The above figures were similar where the control father had provided DNA. The median folic acid dose for the analyzed controls was 450µg/day (IQR 200) which was the same as the entire group previously reported (41).
DISCUSSION
Our study of folate pathway gene polymorphisms and their association with ALL risk was the first to report results for polymorphisms in the child, mother and father; this is important in order to have a comprehensive view of the potential role of genetic susceptibility in disease risk, and its source(s). Both case-control and case-parent trio analyses of associations with the child's genotype were undertaken, yielding largely consistent results. We also investigated possible interactions between child and maternal genotype and maternal use of folic acid in the pre-conception period.
Overall, we found little evidence of associations between folate pathway genotypes and risk of childhood ALL, or that maternal folic acid use in the period leading up to the pregnancy modified associations between genotype and ALL risk. However, there was some evidence of a reduced risk among children who had, or whose father had, the MTRR 66AG or GG genotype. In addition, paternal MTHFR 677TT genotype appeared to be associated with an increased risk, while there was also weak evidence of possible interactions between maternal pre-pregnancy use of folic acid and MTHFR 677CT/TT genotypes in the child and/or mother.
Finally, the results of our subtype analyses suggested that some folate genotypes in the child may be associated with risk of specific disease subtypes. Consistent with our findings for the child's MTRR 66A>G genotype, four of seven previous studies reported at least some evidence of a protective effect of the mutant allele (24, 26-28).
In addition, a meta-analysis of three studies assessing this polymorphism (26-28), reported summary ORs for AG and GG of 0.76 (95% CI 0.60, 0.96) and 0.67 (95% CI 0.52, 0.88) respectively (13) . For the MTHFR genotypes however, a number of previous studies suggested that 677C>T may be protective, but that 1298A>C was not associated with risk (14, 15). We did not find evidence of a reduced risk with either polymorphism overall, similar to two recent studies (22, 24). Only three previous studies have investigated maternal folate pathway genotype in relation to ALL risk; two found that the child's genotype was more closely associated with risk than the mother's (19, 35), while Lupo and colleagues found more associations with the mother's than the child's genotype (17). In our study, the findings for the child's genotype were generally consistent with those for maternal genotype. We were unable to identify any previous studies of paternal genotype with which to compare our findings.
Two previous studies have reported results for the child's folate pathway genotype by immunophenotype. The UKCCS reported null associations with MTHFR 677C>T and 1298A>C for both B-and T-cell ALL (19), while Tong et al reported evidence of a protective association between MTHFR 677TT genotype and both ALL subtypes (52). We found no evidence of associations between either SNP and B-cell ALL, and only weak evidence that the MTHFR 677TT genotype was associated with an elevated risk of T-cell ALL. The UKCCS reported ORs of 1.82 (95% CI 1.09, 3.03) and 1.63 (95% CI 0.55, 4.88) for B-and T-cell ALL (respectively) associated with MTR 2756GG genotype (19), while we found no association with either type of ALL. The UK study also found that MTHFR 677TT was associated with an increased risk, and the 1298CC genotype a decreased risk, of the ETVRunx-1 cytogenetic subtype (19), while we observed no evidence of either association with this ALL subtype.
As previously suggested, the inconsistency among published results for folate pathway polymorphisms is probably due to the small sample sizes in most studies and the fact that both genotype frequencies and folate status vary among study populations.
A biological role for polymorphisms in folate metabolizing genes in the etiology of ALL is certainly plausible, despite some of the inconsistent findings reported in this area. The folate pathway is critical to cancer development, being involved in DNA synthesis, repair, and methylation (53), and low folate status and/or aberrant folate metabolism are known to potentiate disease development (54). Polymorphisms in folate pathway genes cause altered enzyme kinetics and thereby alter folate availability; for example, polymorphisms in genes coding for folate metabolic enzymes have been shown to affect the synthesis of S-Adenosyl methionine (SAM) and result in hyper-and hypomethylation states of DNA (55). Thus, folate pathway gene polymorphisms may contribute to disease susceptibility through epigenetic regulation of gene expression involving DNA hypomethylation (56).
Our finding of a potential increased risk of ALL associated with paternal MTHFR 677TT genotype is consistent with what is known about the impact of this polymorphism on MTHFR activity. Thus, relative to individuals with the wild-type MTHFR 677CC genotype, those with the TT genotype have lower levels of genomic DNA methylation (57). In mice, sperm hypomethylation has been shown to increase disease susceptibility in the offspring (58), and there is growing evidence from human studies that paternal folate status can affect metabolic gene expression in the offspring through epigenetic mechanisms involving chromatin packaging in sperm (59, 60). Such mechanisms may explain our findings for paternal MTHFR 677C>T, but it is not clear why similar overall associations were not seen with the child's or mother's genotype. We did observe elevated ORs for ALL with the MTHFR 677C>T genotype in the child and mother when the mother took ≥300µg folic acid in the pre-pregnancy period. Since folic acid supplementation would at least partly counter the tendency to hypomethylation associated with carriage of the mutant allele at MTHFR 677C>T, and therefore mitigate the potentially increased risk of ALL, the possible mechanisms underlying these findings are not clear and require further investigation.
The MTRR gene is involved in the folate metabolic cycle, and reactivates oxidized cobalamin-MTR complex (which itself catalyses the remethylation of homocysteine to methionine) by reductive methylation (54). It is not clear why the MTRR 66GG genotype should have a protective association with ALL, however, alterations in the activity of MTRR are likely to have a profound effect on epigenetic programing which may explain a protective effect due to a reduction in the ability to provide methyl groups required for hypermethylation (61).
Aus-ALL has both strengths and limitations. Cases were ascertained from participating oncology centers where virtually all children with ALL in Australia are treated, and 75% of eligible cases participated in Aus-ALL. Only four cases did not reach remission and were therefore ineligible for inclusion. We have previously shown that the control families in our study had higher socioeconomic status than the general population, and that those who returned the questionnaires and provided DNA samples were higher still (42) . In addition, DNA was provide from only 51% of families from whom it was requested, and these families tended to be of higher SES, have older mothers, and be more likely to use folic acid.
Therefore, although we adjusted for factors that may be related to selection and/or to completion of questionnaires and provision of DNA, such as parental education and ethnicity, there may be residual confounding by these factors. While these differences should not influence the main analysis of folate pathway genes, or the gene by folic acid use interactions, it may increase the frequency of folic acid users in the control group. Due to the dependence on self-reported data, there is likely to have been misclassification of folic acid use. Misclassification, however, is likely to have been non-differential because we used standardized questionnaires and little is known in the community about a possible relationship between folic acid and risk of ALL.
Some of the observed associations may be due to chance. We investigated seven folate gene polymorphisms in three individuals, examined interactions of genotypes with maternal use of folic acid and did subgroup analyses by ALL immunophenotype and cytogenetic subtypes;
hence, a large number of ORs were estimated. Buccal samples were used for controls, and statistical correction of known blood-buccal discordance was required for these genotypes, which adds to the potential imprecision of results. Estimates also lacked precision because of the relatively small numbers in the subgroup analyses; these factors should be considered when interpreting our findings. Some associations, however, were consistently observed across family members and subgroup analyses, and are concordant with most previous studies; for example, those with MTRR 66A>G.
In conclusion, our findings suggest that some folate pathway polymorphisms in the child and parents are related to risk of childhood ALL, and that some of these associations vary by maternal folate status. The apparent lack of an overall protective effect of the MTHFR 667C>T polymorphism against ALL in our study, in contrast with most previous studies, may reflect adequacy of dietary folate and supplemental folic acid intake in Australia (62, 63). In light of growing evidence of a paternal contribution to disease susceptibility in the offspring, further studies of paternal genotype are needed. Pooling data from similar studies internationally would substantially strengthen our ability to investigate folate geneenvironment interactions in the etiology of childhood ALL. Odds Ratios (OR) adjusted for matching variables (child's age, sex and state of residence), mother's age group, best education, birth order, ethnicity. c Odds Ratios (OR) adjusted for matching variables (child's age, sex and state of residence), father's age group, best education, birth order, ethnicity. 
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Supplemental Figure S1 Flow chart of data collection for the folate pathway genotype analysis in the Australian Study of the causes of Acute Lymphoblastic Leukemia in children (Aus-ALL) 
